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BACKGROUND OF THE INVENTION 

1. Field Of The Invention 



This invention relates generally to semiconductor devices, and more specifically 
to conductor deposition processes for semiconductors. In particular, this invention relates 
to reflow processes used to fill high-aspect ratio contacts (or vias). 

2. Description Of The Related Art 

Due to increases in semiconductor packing densities, contact diameters have been 
reduced, thereby increasing height-to-width or aspect ratios. With increasing aspect 
ratios, adequate metal step coverage of contact surfaces has become more difficult to 
achieve, especially at temperatures lower than about 200°C. As the aspect ratio increases, 
metal deposited at colder temperatures fails to produce good step coverage due to 
"necking" (or ^cusping") at the top corners of contacts. Necking is detrimental because it 
gives rise to voids at the bottom of the contact, leading to reliability and yield problems. 
In an attempt to address this problem, various techniques have been developed and 
employed, including chemical vapor deposition of metals (CVD), laser reflow and 
aluminum reflow methods. 

Of the methods used to fill contacts, the aluminum reflow method offers the 
advantages of lower cost and fewer process steps. However, most aluminum reflow 
processes proposed for filling high-aspect ratio contacts have not gained widespread 
acceptance due to the need for elevated reflow temperatures which are less desirable, 
particularly for second and higher metal levels. In these aluminum reflow processes, the 
temperature at which the metal layer is deposited is typically in the range of about 400°C 
to about 500°C. These higher deposition temperatures may cause voiding and 
discontinuities in the metal layer due to the localized absence of sufficient metal to 
support continuous grain growth. As the aspect ratio increases, this problem may worsen 
because the amount of metal deposited onto the contact bottom and sidewalls decreases 



due to necking. High reflow temperatures may further increase the potential for voids by 
causing the early formation of widely spaced grains that lead to the formation of voids. 

In an attempt to modify the aluminum reflow method for high aspect ratio use 
5 with lower reflow temperatures, aluminum alloy materials have been employed to reduce 
the melting point of the metal layer. For example, an Al-Ge-Cu damascene process using 
low temperature reflow sputtering has been used. In this process, Al-Ge-Cu alloy is 
deposited at room temperature onto the surface of contacts coated with Ti. The Al-Ge-Cu 
is then annealed at a reflow temperature of about 400°C. The deposition and annealing 
10 steps are repeated as necessary to create a multi-level metallized interconnection. 
Although this method may be successfully used to create multi-level interconnections at 
*S lower reflow temperatures, it suffers from several problems. These problems may 

include difficulty in etching Al-Ge-Cu due to precipitation, of Ge, and degradation in 

£3 

M resistivity performance. 

IA 15 

Although aluminum reflow processes are preferred due to low cost and" simplicity, 
S3 other techniques have been developed for filling high aspect ratio contacts. For example, 

flared or tiered contacts have been used to reduce the potential for necking at the contact 
corners. However, altering the geometry of contact corners results in the loss of 
I s * 20 semiconductor area. Low metal deposition rates have also been used to ensure adequate 
coverage, however, low deposition rates increase cost by limiting throughput. 

Another method developed for filling high aspect ratio contacts utilizes a multi- 
step deposition process. In this process, a thin layer of metal is deposited at a cold 
25 temperature followed by the deposition of a thick layer of metal at a temperature of about 
400°C to 500°C. However, this process does not entirely eliminate the production of 
void spaces. 
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In a laser reflow process, a metal layer is deposited and then planarized by 
reflowing the metal with a laser. However, this process does not work well with 




aluminum or aluminum based alloys. When used to reflow aluminum, a native oxide 
forms on the aluminum and prevents planarization. Aluminum also requires a high 
optical pulse energy and variations in its surface topography can increase absorbed power 
and result in damage. 

In another method, a metal layer is deposited in two steps using a partially ionized 
beam (PIB). In this method, a contact is first filled by a metal layer deposited at a 
temperature of about 150°C. After the contact is filled, a second metal layer is deposited 
o+ o tamnprahirp nfp.Km.it ^00 o n This nrocess produces adeauate results, however, it is 
not practical for use in manufacturing applications due to a low deposition rate and a high 
substrate bias. The low deposition rate reduces throughput and increases the risk of 
gaseous inclusion into the metal layer. The high substrate bias is hard to maintain at a 
constant level and may damage semiconductor devices. 

In yet another multi-step metallization process, a thick metal layer is deposited on 
a semiconductor wafer at a cold temperature of about 200°C or less. In a second step, the 
temperature is increased to approximately 400°C to 500°C while additional metal is being 
deposited. Although this method reduces the tendency for void formation, voids may still 
be formed if insufficient metal is deposited prior to increasing the temperature. 

Still other techniques to improve the filling characteristics of aluminum have been 
tried. These methods include altering the surface characteristics of a contact by coating 
the contact with a material such as titanium or TiN to improve the wettability and coating 
conformance of aluminum. However, these methods suffer from reactions between 
aluminum and titanium that interfere with the reflow process, or require special treatment 
of a TiN layer, e.g. such as with a plasma treatment. 

Consequently, a need exists for a practical and efficient method for filling high 
aspect ratio contacts. In particular, a need exists for a low cost reflow process that may 
be used to fill high aspect contacts in a void-free manner. 



SUMMARY OF THE INVENTION 



The present invention in a broad aspect concerns a conductor deposition process 
for semiconductor devices in which reflow of the conductor is improved by reducing the 
melting point and surface tension of the conductor. The invention also relates to a reflow 
process for efficiently filling high aspect ratio contacts at lower temperatures. 

This invention, in one respect is a method of processing a semiconductor substrate 
having a surface with a contact formed therein, including the steps of depositing a 
conductor layer on the semiconductor substrate surface, forming an impurity layer in the 
conductor layer having a reduced melting point temperature and surface tension, and 
heating the conductor layer to a reflow temperature sufficient to cause the layers to 
reflow. 

In another respect, this invention is a process for semiconductor metallization, 
including the steps of depositing a metal layer on a semiconductor wafer surface, 
exposing the exterior surface of the metal layer to a sufficient amount of an impurity to 
form an impurity layer having a reduced melting point temperature and surface tension, 
and heating the metal layer to a reflow temperature sufficient to cause the layers to 
reflow. 

In a further respect, this invention is a semiconductor device including a 
semiconductor substrate having a first layer with a contact formed therein, a conductor 
layer formed to extend into the contact, and an impurity layer in the conductor layer 
having a reduced melting point temperature and surface tension. 

Using the method of the present invention, the reflow of a conductor is improved 
by reducing the melting point and surface tension of the conductor by the addition of 
impurities- The resulting reduction in the melting point of the conductor makes it 



possible to efficiently fill high aspect ratio contacts at lower temperatures. By "efficient 
filling" it is meant that good coverage is achieved during the reflow process with the 
creation of substantially no void spaces within the contact. In those embodiments of this 
invention where impurities modify the surface and not the bulk of the film, the etchability 
and electromigration performance of the conductor are generally not substantially 
degraded. 

The present invention offers advantages over methods previously employed to fill 
high aspect contacts, including for example, low cost and simple processing, efficient 
filling of contacts at lower temperatures, improved reliability, higher yield and little or no 
degradation in the resistance of underlying conductor layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1 (a-c) are a sequential, cross sectional representation of the creation of a 
void space in a contact during filling using prior art methods. 

FIGS. 2 (a-c) are a sequential, cross sectional representation of an efficient void- 
free filling of a contact using an embodiment of the present invention having an impurity 
that migrates to the surface of an upper conductor. 

FIGS. 3 (a-c) are a sequential, cross sectional representation of an efficient void- 
free filling of a contact using an embodiment of the present invention having an impurity 
layer that does not migrate to the surface of an upper conductor. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

As used herein, "contact" refers to a hole formed in a layer which is on a 
semiconductor wafer. The term "contact" may be used interchangeably with the terms 



"contact hole" and "via". The term "substrate" refers to any semiconductor substrate, 
such as, for example, a semiconductor wafer substrate. It will be understood by those 
skilled in the art that the term "substrate" may include either a semiconductor wafer or 
the wafer along with various process layers formed on the wafer. The term "impurity" 
may be used interchangeably with the term "impurities" and refers to any material or 
combination of materials capable of lowering surface tension and/or melting point of a 
conductor layer. The term "metals" is defined to include metals, refractory metals, 
intermetallics, or combinations thereof. 

Conductor reflow filling occurs due to surface tension driven mass-transport in a 
surface layer whose thickness depends upon the reflow temperature. In the present 
invention, the addition of an impurity reduces the melting point of a conductor, thereby 
lowering the surface tension for flow into a contact. The mass transport of conductor 
material into a contact occurs due to surface stress vectors which are generally 
proportional to the product of the surface tension and surface curvature. Mass transport 
occurs much faster when the surface tension is lower, resulting in quicker filling of a 
contact, thereby preventing necking and void formation. In a preferred embodiment the 
conductor may be a metal layer. 

FIGS, l(a-c) sequentially illustrate the filling of a high aspect ratio contact using a 
hot sputtering process of the prior art which results in the formation of a void space in 
the filled contact. In FIG. la, a semiconductor wafer 1 having a substrate, conductor or 
metal layer 2 and a dielectric or insulator layer 4 is represented. It will be recognized by 
those skilled in the art that metal layer 2 may alternatively be some other conductor layer 
such as, for example, polysilicon, or may in fact be a semiconductor substrate, such as 
silicon. Dielectric layer 4 has been etched to form a contact 8 for filling. During the 
process, conductor layer 6 is deposited on the semiconductor surface in such a way that it 
coats the sidewall and bottom of contact 8. In FIG. lb. heat is applied to semiconductor 
wafer 1 at the same time conductor layer 6 is being deposited. As heat is applied, 
conductor layer 6 begins to reflow and forms a "neck" 10 at the top corners of contact 8. 
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As the re flow process proceeds in FIG. lc, this neck eventually closes to seal the top of 
the contact 8, leaving a void space 12 within the contact. The existence of the void space 
12 is undesirable because it may render the semiconductor device inoperable or cause 
reliability problems. 

5 

FIGS. 2(a-c) sequentially illustrate the filling of a high aspect ratio contact using a 
hot sputtering embodiment of the process of the present invention in which conductor 
deposition and reflow occur at the same time. In FIG. 2a, a semiconductor wafer 13 
having a substrate, conductor or metal layer 14, a dielectric or insulator layer 16- and a 
10 conductor or metal layer 18 deposited thereon is illustrated. As used herein, layer 14 will 
be referred to as lower conductor layer 14, and layer 18 will be referred to as upper 

f n 

conductor layer 18. Those skilled in the art will recognize that lower conductor layer 14 
^ may be formed from any number of metals or conductors, such as, for example, silicon, 

M polysilicon, tungsten, titanium, aluminum, etc. Furthermore, upper conductor layer 18 

f H 

hi 15 may be formed from any number of metals or conductors, including aluminum, 
* aluminum based metals (such as aluminum alloys), tungsten, titanium, copper, and alloys 

£3 and combinations thereof, etc. Most preferably, upper conductor layer 18 is aluminum or 

i& an aluminum alloy metal. 

H 20 The exposed portion of the lower conductor layer 14 and the dielectric layer 16 

together form the semiconductor wafer surface 19. Prior to deposition of upper conductor 
layer 18, a contact 20 has been etched into the surface of the semiconductor wafer 19. 
Once deposition begins, upper conductor layer 18 has an interior surface 18a in contact 
with the semiconductor wafer surface 19 and an exterior surface 18b not in contact with 
25 the surface of the semiconductor wafer. Although FIGS. 2(a-c) illustrate the filling of a 
contact using a hot sputtering process, in the practice of this invention an upper conductor 
layer may be deposited on a semiconductor substrate using any suitable conductor 
deposition technique known to the art, including evaporation, sputtering, hot sputtering, 
CVD and plasma CVD methods. 
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In FIG. 2b, impurities have been added during conductor deposition and reflow to 
form impurity layer 21. Thus formed, impurity layer 21 is a portion of upper conductor 
layer 18 that contains a desired concentration of impurities mixed with conductor. 
Although in FIG. 2b impurities have been added during latter stages of deposition, 

5 impurities may alternatively be added at any time during a contact filling process, 
including prior to deposition, after deposition, continuously and throughout deposition, 
intermittently during deposition and after deposition during a separate reflow step. In the 
practice of this invention, impurities may be migrating or non-migrating. Non-migrating 
impurities tend to remain essentially in place, before and after reflow, with co-deposited 

10 conductor material. Migrating impurities may migrate in many ways, including upward, 
downward, toward exterior or interior surfaces of a conductor layer, or they may disperse 
throughout a conductor. Migration may be partial or substantially complete, and may 
occur during reflow and/or during other stages of a process. 



hj 15 In FIG. 2b, impurity layer 21 is formed by exposing upper conductor layer 18 to 

J* impurities. Sources of impurities may be gaseous, liquid, solid, or mixed phase in nature, 

^3 and may be exposed to a conductor at any point in a process using any suitable exposure 

I & or deposition method known to the art. For example, when added to a plasma or ambient 

during hot sputtering or reflow, impurities may be added in a gaseous form to the sputter 
^ 20 chamber. Alternatively, a conductor may be deposited on a semiconductor substrate, 
followed by deposition of a solid impurity on top of the conductor layer. This may be 
followed by deposition of another conductor layer, a reflow step or a combination 
thereof. Solid impurities may be deposited using any suitable deposition technique, 
including evaporation, sputtering, hot sputtering, CVD and plasma CVD. When added 
25 between conductor deposition steps, solid impurities may be deposited in the same or 
different chamber where conductor deposition takes place. Once deposited, a solid 
impurity may be selected so as to migrate into the surface of a conductor layer to form an 
impurity layer having a reduced melting point and/or surface tension. In addition to the 
examples given above, solid impurity sources may also be exposed to a conductor during 
30 conductor deposition and/or reflow and gaseous sources may also be exposed to a 

-9- 



conductor between or after conductor deposition and/or reflow steps. Combinations of 
gaseous, liquid and solid impurity exposure steps are also possible. 

In FIG. 2b, impurities in layer 21 reduce the conductor melting point, thereby 
5 lowering the surface tension of impurity layer 21. Because filling of the contact 20 
during reflow occurs due to surface tension-driven mass transport, reduced surface 
tension causes filling to occur much faster and prevents necking at top corners 22 of 
contact 20. Because little or no necking occurs, good coverage of contact 20 is achieved 
and few, if any voids are formed,, resulting in a solid metal contact 24 as shown in FIG. 
10 2c. 

E3 In FIG. 2c, impurity layer 21 is shown at exterior surface 18b of layer 18. In this 

"a bp 

Q embodiment of the present invention, impurities deposited during latter stages of 

11 conductor deposition and reflow have substantially migrated toward exterior surface 18b 

Y't 15 to form an impurity layer 21 of generally uniform thickness essentially parallel to exterior 

i. Ljj 

N surface 18b. This migration leaves the remainder of conductor layer 18. including filled 

f 3 contact 24 substantially free of impurities. Such upward migration may be desirable, for 

z'l example, when impurities possess or impart unfavorable characteristics to conductor 

S3 layer 18, such as difficulty in etching or degradation in resistivity performance. 

U 20 Depending on the nature of a conductor layer, this may be the case for impurities that 
include materials such as germanium or silicon. 

FIGS. 3(a-c) illustrate an embodiment of the present invention in which 
impurities deposited during conductor deposition and reflow do not migrate through 

25 conductor layer 18. In FIGS. 3(a-c), impurity layer 26 has been formed using a hot 
sputtering deposition and reflow process similar to that used in FIGS. 2(a-c). As before, 
impurity layer 26 also exists at exterior surface 18b. However, in this embodiment, 
impurities have not substantially migrated and impurity layer 26 extends downward to 
form an impurity core or "plug" in contact 28. Such an impurity core may be desirable 

30 when impurities possess or impart favorable characteristics to a conductor layer, such as 
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enhanced electromigration performance. Depending on the nature of a conductor layer, 
this may be the case for impurities containing materials such as copper. Although 
representative embodiments of the present invention have been illustrated in FIGS. 2(a-c) 
and 3(a-c) , it is not intended that the practice of the present invention be limited to those 
steps specifically represented in FIGS. 2(a-c) and 3(a-c), nor that perfect void free filling 
or complete coverage of a contact be required. 

Although not illustrated, benefits of the present invention may also be obtained by 
depositing single or multiple impurity layers within a conductor layer below the surface. 
An impurity layer may be formed beneath the surface of a conductor layer in many ways. 
For example, impurities may be "sandwiched" within a conductor layer by a deposition of 
essentially non-migrating impurities between two depositions of impurity-free conductor 
material. In this case, impurities may be intermittently deposited as part of one 
continuous conductor deposition and reflow process, or may be deposited in separate 
distinct steps between deposition and/or reflow of conductor material and previous 
impurity layers. This process may be repeated any number of times with non-migrating 
impurities to form stratified layers of impurities if desired. Migrating impurities may also 
be deposited in this manner if desired, although stratified impurity layers may not be 
formed. 

In the practice of the present invention, impurities that may be added to reduce the 
melting point and surface tension of a conductor depend on the type of conductor 
selected. Impurities may be added to form an impurity layer taking up any desired 
portion of the overall thickness of a conductor layer, including up to 100% of a conductor 
layer, but preferably from about 20 % to about 80 %. So done, the melting point and 
surface tension of a conductor will be reduced in the region of a conductor layer 
corresponding to the thickness of such an impurity layer. 

Desired reduction in melting point and/or surface tension depend on the type of 
conductor material present in a conductor layer. Preferably, sufficient impurities are 



added to reduce the melting point of a conductor in an impurity layer by from about 10% 
to about 60% of the intrinsic melting point of a conductor. By "intrinsic melting point" it 
is meant the melting point of a pure element that forms the predominant component of a 
conductor. Amount of impurities added depends on the conductor selected, the reduction 
5 in melting point desired, the thickness of impurity layer desired, and the step in the filling 
process where impurities are added. 

In one preferred embodiment of the present invention, a conductor layer is 
comprised of aluminum based metal which is deposited on a semiconductor wafer surface 
0 using a hot sputtering process. In this embodiment, an aluminum based metal layer is 
preferably deposited and simultaneously reflowed at as low a temperature as possible. 
For pure aluminum, reflow temperature is typically greater than about 300°C and 
typically less than about 550°C, preferably below about 500°C, and most preferably 
below about 400°C. In this embodiment, impurities are added by gas flow during about 
5 the last 30% of conductor deposition, and deposition and reflow temperature is controlled 
by amount and type of impurities selected. Acceptable impurities for reducing melting 
point and surface tension of aluminum based metals, such as pure aluminum, include any 
suitable gaseous impurity sources known to the art capable of lowering surface tension 
and melting point of a conductor. Such sources include, but are not limited to. gaseous 
U 20 impurity sources containing silicon, germanium, one or more halogens and mixtures 
thereof Some examples of such suitable impurity sources include silane, disilane, 
germane, GeF 4 , SiF 4 , C1 2 F 2 , C1F 3 , IC1 3 , IC1 5 , TiCl 4 . In this embodiment, TiCl 4 is 
preferred. Although gaseous impurity sources are used in this embodiment, any suitable 
solid impurity source known to the art capable of lowering melting point and/or surface 
25 tension of aluminum based conductor layers may also be used successfully in the practice 
of this invention. Such solid sources include but are not limited to metals and metal 
based materials, such as WF 6 and TaCl 5 . 
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The reflow process disclosed herein may be utilized in the formation of a wide 
range of semiconductor devices, including both MOS devices and bipolar devices. For 
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example, the reflow process may be used for forming logic devices, microprocessors or 
memory devices, such as DRAMs, SRAMs or ROMs. 

Although some preferred embodiments of the method of the present invention are 
practiced using a one-step conductor deposition and reflow process, the method of the 
present invention may also be employed using a multi-step deposition process. When a 
multi-step deposition process is used, impurities may be added prior to, after, or during 
any or all of the deposition steps to improve the filling characteristics of a conductor. In 
addition, conductor reflow may occur simultaneously or separately with any or a!! 
conductor deposition and/or impurity deposition steps. 

Although the invention has been described by reference to preferred 
embodiments, it is not intended that the novel methods and compositions be limited 
thereby, but various modifications are intended to be included as falling within the spirit 
and broad scope of the foregoing disclosure and the following claims 



